Chronic dynamic (aerobic) exercise decreases central arterial stiffness, whereas chronic resistance exercise evokes the opposite effect. Nevertheless, there is little information available on the effects of acute bouts of exercise. Also, there is limited data showing an increase of central arterial stiffness during acute mental stress. This study aimed to determine the effect of acute mental and physical (static and dynamic exercise) stress on indices of central arterial stiffness. Fifteen young healthy volunteers were studied. The following paradigms were performed: (1) 2 min of mental arithmetic, (2) short bouts (20 s) of static handgrip at 20 and 70% of maximal voluntary contraction (MVC), (3) fatiguing handgrip at 40% MVC and (4) incremental dynamic knee extensor exercise. Central aortic waveforms were assessed using SphygmoCor software. As compared to baseline, pulse wave transit time decreased significantly for all four interventions indicating that central arterial stiffness increased. During fatiguing handgrip there was a fall in the ratio of peripheral to central pulse pressure from 1.69 ± 0.02 at baseline to 1.56±0.05 (Po0.05). In the knee extensor protocol a nonsignificant trend for the opposite effect was noted. The augmentation index increased significantly during the arithmetic, short static and fatiguing handgrip protocols, whereas there was no change in the knee extensor protocol. We conclude that (1) during all types of acute stress tested in this study (including dynamic exercise) estimated central stiffness increased, (2) during static exercise the workload posed on the left ventricle (expressed as change in central pulse pressure) is relatively higher than that posed during dynamic exercise (given the same pulse pressure change in the periphery).
Introduction
Arterial stiffening is an inevitable process of ageing and is associated with increased pulse pressure. 1 Large central elastic arteries (aorta and its major branches) serve as a low-resistance conduit and as a cushion (buffer) of flow pulsations. The ageassociated stiffening results in increased central systolic blood pressure (SBP) because the cushioning function to accommodate the systolic volume ejected by the left ventricle cannot be performed without a significant increase in peak blood pressure (BP). 2 The contribution of reflected pulse wave is of critical importance in this respect. When arteries are compliant and elastic, the reflected wave merges with the outgoing wave in the late systolic or diastolic phase and there is little or no effect on central SBP. In contrast, with increasing arterial stiffness (AS) pulse wave velocity (PWV) is increased, resulting in earlier return of the wave in the systolic phase, thus augmenting the central SBP 3 and left ventricular afterload. Therefore, large artery stiffness and wave reflections have been identified as prognostic indicators of cardiovascular risk. 4, 5 Increased carotid-femoral PWV (412 m s À1 ) is considered as an index of subclinical organ damage in the evaluation of the hypertensive patient, according to the most recent guidelines published by the European Society of Hypertension and the European Society of Cardiology. 6 Stress (mental or physical (exercise)) is an inherent element of everyday life. Adaptation of the cardiovascular system to acute or chronic stress involves modulation of cardiac output, heart rate (HR), BP and AS. With respect to exercise, there is evidence that chronic dynamic training has a beneficial effect on AS, 7 whereas chronic resistance exercise may have an unfavourable influence on central haemodynamics. 8, 9 Nevertheless, there is little and inconsistent data about the effects of acute bouts of exercise on AS. Acute aerobic exercise was found to induce either an increase 10 or a decrease 11, 12 in central AS, whereas studies on acute bouts of resistance exercise showed either an increase 13 or no effect 14 on central AS. In all of the studies (except for one 10 ) measurements were made some minutes after the end of the exercise protocol. The discrepancies in results among studies reflect differences in methodologies. There is also little data on the effect of acute mental stress on large artery stiffness. A recent study showed a prolonged unfavourable effect of mental stress on indices of aortic stiffness and wave reflection. 15 Activation of the sympathetic nervous system has been documented during both mental stress 16 and exercise (static 17 or dynamic 18 ). In the present study we used a non-invasive assessment of the central waveform. Pulse pressure waves in the radial artery were recorded by applanation tonometry and a validated transfer factor was used to generate the corresponding central arterial waveforms. 19 The aim of the study was to explore the acute effects of mental stress and static and dynamic exercise on indices of central AS like transit time of pulse wave, peripheral pulse pressure (PPP) and central pulse pressure (CPP) and augmentation index. We hypothesized that these stressors would increase wave reflections and estimated central stiffness.
Methods

Subjects
Fifteen healthy volunteers were studied (seven men, eight women, age 26.6±3.6 years, body mass index 24.3 ± 3.1 kg m À2 ). Subjects signed an informed written consent approved by the Penn State Hershey Institutional Review Board. Subjects were non-smokers, normotensive and not on any medications. Their medical history was negative for cardiovascular disease. The study conformed to the Declaration of Helsinki.
Blood pressure
Peripheral SBP and diastolic blood pressure (DBP) were recorded continuously (beat-by-beat finger measurements) using a Finapres device (Ohmeda, Madison, WI, USA). Peripheral mean BP was calculated as DBP þ ((SBPÀDBP)/3).
Pulse wave analysis
Subjects and methodological conditions were standardized according to the recommendations of Task  Force III on clinical applications of AS. 20 Subjects were at rest at least for 10 min in a quiet room at room temperature (23 1C) . They refrained from eating at least 3 h and from alcohol at least 10 h before the study and did not perform strenuous exercise during the previous day. They did not speak or sleep during protocols. All tests were performed from 0900 to 1400 hours to decrease variation due to circadian effects.
Central BP waveforms were derived and analysed by the SphygmoCor software (Atcor Medical, Sydney, Australia). Pulse wave analysis has previously been described as a simple and reproducible non-invasive method for assessing augmentation index (AI). 21 In brief, a high-fidelity micromanometer (SPC-301) was used to flatten but not occlude the radial artery, using gentle pressure. The radial waveform was recorded on a portable computer. After acquiring sequential waveforms for 11 s, the integral software generated an averaged central (aortic) waveform, which was used for the determination of AI and HR. The software also calculated central systolic and diastolic pressures and central mean BP (which was derived from the integration of the waveform) and transit time of wave reflection after entering the corresponding (for each beat) peripheral BP values (measured by the Finapres). The target parameters were the AI, HR, central SBP, central DBP, transit time of the reflection wave (T i ), the PPP to CPP ratio (PPP/CPP), the Buckberg subendocardial viability ratio (SEVR) and the pressure rate product (PRP).
Augmentation index is defined as the pressure difference between the first (P i ) and second (P pk ) peaks of the central waveform, expressed as a percentage of the CPP, according to the description of Murgo et al. 22 ( Figure 1 ). AI is a measure of the contribution that the wave reflection makes to the central arterial pressure waveform. The amplitude and timing of the reflected wave ultimately depends on the stiffness of the large/small arteries, and thus AI provides a measure of systemic AS. 1 The time from the foot of the wave to the inflection point (T i ) represents the transit time of the pulse wave from the heart to the peripheral reflecting sites (mainly bifurcation of aorta and medium-size arteries) and Figure 1 Central pulse waveform analysis. PP, central pulse pressure, P i , central pressure at the first peak of the central waveform; P pk , pressure at the second peak of the central waveform; DP, augmentation pressure due to reflected wave; T i , round trip time of reflection wave; ED, ejection duration; DTI, diastolic time index; TTI, tension time index.
back to the heart. Increasing stiffness causes an increase in the PWV resulting in shortening of the T i . Therefore, T i is used as an indicator of aortic PWV and AS, since it has been shown that there is very good association between these parameters. [22] [23] [24] It should be mentioned that the T i is a surrogate of aortic PWV and there are no studies that have definitively shown the clinical significance of this marker. The PPP/CPP ratio depends on both arterial wall properties and pressure augmentation from the reflected wave. The SEVR is the ratio of the diastolic time index (DTI) to the tension time index (TTI, during systole; Figure 1 ). The former relates to coronary flow during diastole whereas the latter is an index of systolic stress relating to oxygen demand. 24 The SEVR gives information about the balance between oxygen demands and endocardial blood flow. 25 The PRP, which refers to the product of SBP and HR during exercise, is a good measure of myocardial oxygen uptake 26 and it depends on exercise intensity. 27 To test for the intra-observer reproducibility of the method, the same operator (CL) performed measurements of AI in duplicate (within a time interval of 1 week) in a group of 16 different subjects. According to Bland and Altman, 28 it was calculated that the coefficient of repeatability was 1.75±4.6% (mean difference±2 s.d.).
Study protocols
Mental stress test. The mental arithmetic test is a validated test used to measure the effect of psychological stress. 29 After obtaining baseline recordings for 2 min the subjects were instructed to subtract rapidly the number 7 from a four-digit number for another 2 min.
Short bouts of handgrip. Maximum contractions of the non-dominant arm were performed three times by each subject by using an adjustable handgrip dynamometer (Stoelting, Wood Dove, IL, USA). The largest of the three was considered the maximal voluntary contraction (MVC). After a baseline recording period of 2 min the subjects performed handgrip at 20 and 70% MVC for 20 s each, with 1 min rest in between. BP was continuously recorded beat-by-beat by the Finapres and HR and pulse wave recordings were performed every 20 s at baseline and at the end of the two gripping periods in the contralateral arm. A visual display of the force developed was provided to assist subjects to maintain appropriate contractions.
Fatiguing handgrip. Baseline BP, HR and pulse wave recordings were performed over 2 min. Afterwards, subjects performed handgrip with the dynamometer at 40% of MVC until they were unable to maintain the prescribed tension. At the end of contraction the subjects graded their perceived level of effort as 20 (maximum) on the Borg scale. 30 BP was continuously recorded beat-by-beat by the Finapres and pulse wave recordings from the radial artery were obtained in the contralateral arm every 20 s.
Dynamic knee extensor exercise to fatigue. After 2 min of baseline recordings, subjects performed dynamic single-leg knee extensor (KE) exercise that limited work to the quadriceps muscles as described before. 31 In a seated position, the foot of the nondominant leg was placed in a boot, which was connected by a solid bar to the flywheel of an ergometer. The contraction of the quadriceps muscles turned the flywheel producing a 90-1701 arc of the lower leg. Workload was increased by adjusting friction on the belt surrounding the flywheel by adding weights. There was a visual display assisting subjects keep a constant frequency of 40 r.p.m. throughout the exercise period. Load increments were added (10 W for men and 5 W for women) every 2 min until fatigue. Exercise was terminated when their perceived level of effort was reported as 20 (maximum) on the Borg scale. 30 BP was continuously recorded beat-by-beat by the Finapres and HR and pulse wave recordings from the radial artery were performed every 20 s. One subject (male) developed pain with the beginning of the exercise and was excluded, thus leaving 14 subjects for analysis. During the one-leg exercise all subjects were kept as still as possible on their seats by the use of special belts around their body. Their arms were also resting on small tables by their seat to get good quality recordings of waveforms.
Data analysis and statistics. The time to fatigue in the fatiguing handgrip (FHG) protocol and the total time and maximum load in the KE protocol were noted. Data during the pressor tests are presented as follows: mental test, at the end of the first and second minute, short bouts of handgrip (SBHG) at 20 and 70% MVC; FHG at 50% and at the end of the total gripping time; KE at 25, 50, 75 and 100% of total exercise time. For each continuous outcome, a repeated-measure analysis of variance model was fit to the data with time (three-level) as the defining within-subjects factor. Bonferroni procedure was used to adjust all P-values to account for multiple post hoc hypothesis testing. Po0.05 was considered significant. Data are presented as means ± s.e. All statistics were performed by the SPSS software version 14.0 for Windows.
Results
Mental stress test
The T i decreased significantly from baseline to the end of the first and second minute of the test indicating an increase in the PWV and AS. At the same time, peripheral and central DBP values increased and resulted in an increase of the AI Central stiffness during mental stress and exercise C Lydakis et al (from 1±2 to 7±3, Po0.05). A non-significant fall of the PPP/CPP was also noted. No statistical differences were noted between the first and second minute of test (Table 1) .
Short bouts of handgrip and fatiguing handgrip
Contractions at 20% of MVC for 20 s did not elicit any significant responses. In contrast, at 70% of MVC there was a significant rise in peripheral BP, pulse pressure and AI from baseline. The PPP/CPP showed a non-significant fall. The T i also decreased from 149±3 to 144±3 ms (Po0.05) indicating increased AS (Tables 2 and 3 ).
In the FHG protocol, the time to fatigue at 40% of MVC was 132±8 s. The increase in PRP (from 93±5 at baseline to 153±12 at the end of handgrip, Po0.001) indicated increased metabolic demands from the heart (reflecting the increased workload during this protocol), whereas the SEVR was significantly reduced from baseline to the end of handgrip indicating an unfavourable effect on the balance between oxygen demands and endomyocardial flow. The significant increase in the AI and significant decrease in T i from baseline to the end of handgrip indicated an increase in central AS. A significant reduction in the PPP/CPP occurred (from 1.69 ± 0.02 to 1.56 ± 0.05, Po0.05, from baseline to the end of handgrip) showing that the pulse pressure increase was more exaggerated centrally than peripherally.
Dynamic knee extensor exercise to fatigue
The average time to fatigue was 485±41 s and the maximum HR reached 101 ± 4 beats per min. The maximum workload achieved by male subjects was 42±4 W, whereas for women it was 24±2 W. There was a time-dependent increase in the PRP consistent with the increase in intensity and duration of exercise (from 88±5 to 185±15 beats Â mm Hg Â min Â 10 À2 , Po0.001, baseline to the end of KE exercise). A gradual significant decrease in the T i from baseline to the end of KE exercise indicated an increase in the central AS. The AI and the PPP/CPP did not show any changes, although a small but not significant rise in the PPP/ CPP in the second half of the exercise period was noted (from 1.72 ± 0.03 at baseline to 1.76 ± 0.05 at the end of the protocol; Table 4 ).
Discussion
Central AS reflects the overall opposition of large arteries to the pulsatile effects of ventricular ejection. 32 For both clinical and research purposes AI and pulse pressure have been used as surrogate markers of AS. 33 Data from the Framingham study show that pulse pressure is a prognostic indicator for coronary artery disease, 34 whereas AI is Central stiffness during mental stress and exercise C Lydakis et al Central stiffness during mental stress and exercise
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indicative of cardiovascular risk in healthy subjects, 35 and in patients with coronary artery disease 36 and end-stage renal failure. 37 Chronic dynamic training is associated with lower central AS in young men 38 and coronary patients, 39 whereas chronic resistance exercise results in stiffer large arteries in both young men 40 and athletes. 41 In the present study we assessed the effects on indices of stiffness (T i , AI) of the large arteries during the acute bouts of exercise (static and dynamic) and during mental stress. Since we did not measure carotid to femoral PWV, our data refer to estimated AS and peripheral wave reflection (by assessing T i and AI as surrogate parameters) rather than directly measured central stiffness per se. T i decreased, indicating an increase in PWV and central AS during all stressor protocols. The FHG and KE protocols had different effects on the PPP/CPP. This latter finding shows that during static (isometric) exercise the left ventricle workload (expressed as change in CPP) may be relatively higher than that posed during dynamic exercise (given the same pulse pressure change in the periphery).
In two previous studies during isometric handgrip exercise, an increase of PWV 42, 43 and augmentation index was noted. 42 Similar changes in aortic PWV were reported when measurements were taken 5-10 min 44 and 20 min 45 after the acute bout of static exercise. These findings are in agreement with our results. Moreover, our study showed that the PPP/ CPP fell during isometric exercise, which together with the reduction in the SEVR ratio could lead to a mismatch of endocardial blood flow and myocardial oxygen demands seen in coronary disease. In the present report, the increased central SBP and the earlier return of the reflected wave resulted in an increased AI. During the SBHG protocol, no significant changes were noted during 20% MVC, whereas during 70% MVC the changes were similar to these observed during the FHG protocol. These observations show that both the level of intensity and time of exercise (as reflected in the PRP) are important factors in eliciting central haemodynamic responses.
During rhythmic isotonic contractions the muscle pumping action increases muscle blood flow, whereas during isometric contractions muscle blood flow is compromised by compression of the vessels. 46 During the latter type of exercise, the acute increase in sympathetic nervous system activity evokes an increase in cardiac output 47 and systematic SBP, but muscle perfusion does not rise appropriately due to local muscle vessels compression. 48 In contrast, during dynamic exercise, sympathetic stimulation evokes an increase in cardiac output, but the BP is only moderately elevated due to the fall in peripheral resistance as a result of local muscle vasodilatation (described in the literature as 'functional sympatholysis'). 49 In this study, during the FHG the decrease in the T i was accompanied by a decrease in the PPP/CPP, Table 4 Haemodynamic parameters during dynamic KE exercise (n ¼ 14) Central stiffness during mental stress and exercise C Lydakis et al indicating that the augmentation in the CPP was greater than that observed in the periphery. In the dynamic protocol the T i was also decreased (indicating increased central AS), but the PPP/CPP ratio did not decrease but rather showed a small (but not significant) rise towards the end of exercise. Indices of central AS after performing dynamic exercise have been assessed in three studies in the literature by employing several exercise protocols, methodologies (Doppler, oscillometric device, applanation tonometry) and at several time points after cessation of exercise (3-30 min). 11, 12, 45 At 3 min posttreadmill exercise, upper limb PWV was 35% higher than baseline and soon declined below baseline by 5-10 min, accompanied by a fall in BP. 12 Likewise, in the other two studies, aortic PWV was found to be reduced when measured at 20 45 and 30 min 12 postexercise indicating reduced central AS after an acute bout of exercise. In the only study (to the best of our knowledge) in the literature, in which central haemodynamic parameters were assessed during the acute bout of exercise, a fall in the pulse wave transit time was noted (in agreement with our results). 10 In that study, which involved bicycle exercise performed up to 80% of maximal HR (147 beats per min), a statistically significant rise in the PPP/CPP ratio and a fall in the AI were also observed. In our study we did not observe a significant rise in the PPP/CPP possibly due to the difference in exercise intensity, since our dynamic protocol involved only one-legged muscle exercise confined to the quadriceps. This exercise utilizes only a fraction of the maximal cardiac output, so that the mean HR at end exercise was only 100 beats per min. For the same reason there was no change of the AI during our protocol, in contrast to the great fall of AI observed in the high-intensity exercise protocol in the above study.
During all stress protocols in our study the increased sympathetic tone and/or the raised BP caused acute changes in the walls of the central arteries. We speculate that the load was transferred from the elastin fibres to the more stiff collagen ones with concomitant constriction of the vascular smooth muscle cells. This led to increased central AS. 50 A possible explanation for the observed differences in the PPP/CPP ratio between static handgrip and the dynamic exercise protocols could be that peripheral vasodilatation and a consequent fall in the peripheral AS occurs only during dynamic exercise. This results in lower amplitude of the reflected wave and finally lower augmentation in central pressure. This assumption is supported by studies showing that within 20-60 min after dynamic exercise estimated peripheral stiffness (by measuring PWV) falls. 12, 45 Furthermore, immediately after exercise a quick drop in central stiffness is observed 12, 45 following the withdrawal of the sympathetic stimulus and the ensuing fall in BP. In contrast, during static exercise peripheral vascular resistance increases due to compression of the vasculature form extravascular forces 51 and therefore central and peripheral stiffness (assessed by PWV) increase in the post-exercise period. 45 The peripheral site of wave reflection is an important factor for AI and therefore for AS determination. The observation that AI increased significantly in the mental, short-static and FHG protocols, whereas there was no change in the KE protocol is supporting the hypothesis that the peripheral vasodilation occurring in the dynamic protocol (as described above) may be one of the key factors influencing the site of reflection and/or the amplitude of the reflected wave. It must be taken into consideration that AI has a negative correlation with HR (a fall of AI of B5.6% is expected for each 10 beats per min increment in HR). 52 Since the correlation of AI with HR is linear, this phenomenon does not alter the interpretation of our results regarding the difference in responses of AI during the static and dynamic protocols.
The mental stress test is a validated and widely used test that mimics a 'fight or flight' reaction 53 and induces sympathetically mediated rise in the BP and HR. 16, 54 In our study it was shown that the effect of this test on parameters of central AS was similar but less pronounced compared to that of the FHG. Our data are in agreement with the results of a previous study, which showed that acute mental test had an unfavourable effect on AS and wave reflection that lasted for a prolonged period. 15 A limitation of our study could be the fact that we used pulse wave analysis and the generalized transfer function to generate central waveforms for the estimation of central parameters. This technique is relative new; nevertheless the reproducibility of AI by using this method has been tested and considered to be good-even at low pressures. 55 Furthermore, the validity of the method during exercise was tested in 30 patients undergoing diagnostic coronary angiography at rest and during bicycle exercise with simultaneous direct aortic pressure measurements during catheterization. The correlation between invasive and non-invasive techniques was high for the estimation of central SBP (r ¼ 0.99, Po0.001). 56 As long as reproducibility is regarded, our estimation for the intra-observer difference for the measurement of AI was 1.75 ± 4.6%, which is close to the difference reported in a previous study (0.49 ± 5.37), 21 showing that the method has very good reproducibility.
Overall, in our study we used pulse wave analysis to assess the effects of acute mental stress and static and dynamic exercise on central haemodynamic parameters. The common underlying mechanism contributing to the observed effects in all protocols was sympathoexcitation. Our major findings were (1) acute bouts of both static and dynamic exercise evoke an increase in the central AS, (2) the central haemodynamic response (in terms of PPP to CPP and augmentation index) from baseline is less favourable during static exercise in comparison to the dynamic one and (3) mental stress evokes a central response that is similar (but less pronounced) to exercise. Several research questions arise from our results: is the central AS response to acute exercise attenuated after training, and is there a difference between the two types of exercise with chronic training? Also, how is this response affected by age? Finally, mental stress test is a simple, easily performed test and can be used for assessing central responses in studies during several manipulations.
What is known about this topic K Chronic dynamic training has beneficial effect on central arterial stiffness, whereas chronic resistance exercise may have unfavourable effects on central haemodynamics K It is uncertain how acute mental stress, dynamic and resistance exercise affect central arterial stiffness
What this study adds K During all types of acute stress (including dynamic exercise) estimated central arterial stiffness increased K The workload posed on the left ventricle during static exercise is relatively higher than that posed during dynamic exercise (given the same pulse pressure change in the periphery)
Central stiffness during mental stress and exercise C Lydakis et al
